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In this paper, we simulate Super-Eddington accreting massive black holes (SEAMBHs) as the
candles to probe cosmology for the first time. SEAMBHs have been demonstrated to be able
to provide a new tool for estimating cosmological distance. Thus, we create a series of mock
data sets of SEAMBHs, especially in the high redshift region, to check their abilities to probe the
cosmology. To fulfill the potential of the SEAMBHs on the cosmology, we apply the simulated
data to three projects. The first is the exploration of their abilities to constrain the cosmological
parameters, in which we combine different data sets of current observations such as the cosmic
microwave background from Planck and type Ia supernovae from Joint Light-curve Analysis (JLA).
We find that the high redshift SEAMBHs can help to break the degeneracies of the background
cosmological parameters constrained by Planck and JLA, thus giving much tighter constraints of
the cosmological parameters. The second uses the high redshift SEAMBHs as the complements of
the low redshift JLA to constrain the early expansion rate and the dark energy density evolution in
the cold dark matter frame. Our results show that these high redshift SEAMBHs are very powerful
on constraining the early Hubble rate and the evolution of the dark energy density; thus they can
give us more information about the expansion history of our Universe, which is also crucial for testing
the ΛCDM model in the high redshift region. Finally, we check the SEAMBH candles’ abilities to
reconstruct the equation of state of dark energy at high redshift. In summary, our results show that
the SEAMBHs, as the rare candles in the high redshift region, can provide us a new and independent
observation to probe cosmology in the future.
I. INTRODUCTION
The accelerating expansion of the Universe has been
discovered from the studies of distant Type Ia supernovae
(SNe Ia) by two teams [1, 2] for nearly twenty years.
These two decades have also witnessed rapid technolog-
ical advances in observational cosmology. Various ob-
servations such as the SNe Ia [3, 4], the temperature and
polarization anisotropy power spectrum of the cosmic mi-
crowave background (CMB) radiation [5, 6], and baryon
acoustic oscillations (BAO) [7–9] have all suggested that
the late time Universe is dominated by a simple dark en-
ergy component, for which a simple explanation is the
cosmological constant Λ. The tiny cosmological constant
with a constant equation of state −1 combined with cold
dark matte (called ΛCDM) turns out to be the standard
model which fits the current observational data sets con-
sistently.
However, the ΛCDM model is faced with the fine-
tuning problem and the coincidence problem [11]. The
former arises from the fact that the present-time observed
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value for the vacuum energy density is more than 120 or-
ders of magnitude smaller than the naive estimate from
quantum field theory. The latter is the question why we
live in such a special moment that the densities of dark
energy and dark matter are of the same order. Many at-
tempts have been made to tackle these issues, including
introducing “dynamical” dark energy. Moreover, some of
the different data sets are not so well consistent among
them. For example, there is a strong tension between the
value of the Hubble constant derived from the CMB [6]
and the value from local measurements [10]. Thus, un-
derstanding the physical properties of dark energy, such
as whether it is dynamical (w 6= −1) or not, is one of the
main challenges of modern cosmology.
SNe Ia as the standard candles are powerful probes
of cosmology and in particular to the equation of state
of dark energy. However, current data sets of SNe Ia
such as the “Union 2.1” compilation [3] and the “Joint
Light-curve Analysis” (JLA) sample [4] are mainly con-
centrated in the low redshift (z < 1) region. Though the
constant w can be constrained well enough using z < 1
SNe Ia, if we want to study the dynamics of dark energy
such as the time-varying w, or to constrain the expan-
sion rate of the Universe and check the ΛCDM model
back to earlier time, the high redshift observations thus
become crucially necessary. For example, recently, Riess
et al. [12] presented an analysis of 15 Type Ia supernovae
at redshift z > 1 (9 at 1.5 < z < 2.3) discovered in the
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2CANDELS and CLASH Multi-Cycle Treasury programs
using WFC3 on the Hubble Space Telescope. They found
that the added leverage of these new samples at z > 1.5
leads to a factor of ∼ 3 improvement in the determination
of the expansion rate at z = 1.5, reducing its uncertainty
to ∼ 20%. High-z SNe Ia are rare since the capability of
instruments and intrinsic evolution of progenitors of SNe
Ia in future surveys as shown by Hook et al. [13].
Recently, a new kind of cosmic long-lived candles em-
ploying super-Eddington accreting massive black holes
(SEMABHs) has been suggested for measurements of ex-
pansion rates of the Universe by Wang et al. since they
are characterized by the saturated luminosity (see [14, 15]
and references therein). The advantages of this new
tool are (see Sec. II for details): 1) their abundance in-
creases with redshifts and about 10% − 30% of quasars
in the local Universe contain SEAMBHs [16, 17]; 2) the
principle of the SEAMBHs relies on the saturated lu-
minosity, which results from the well understood pho-
ton trapping effects in super-Eddington accretion onto
black holes [18–20]. This is well-understood in theory
and is observationally tested by a long-term reverbera-
tion mapping campaign of spectroscopically monitoring
SEAMBHs [21–23]. SEAMBHs can be considered as can-
dles similar to SNe Ia. While the advantage of SEAMBHs
here is that they can extend the SN-based information of
the expansion history of the universe to a much higher
redshift, z ∼ 6, than previously possible. Thus, it is pos-
sible for us to use these high redshift SEAMBHs to probe
the cosmology. In this paper, we simulate the SEAMBHs
distance-redshift data sets at high redshifts from z ∼ 1
to 6. We use these mock data sets to forecast the abil-
ities of future SEAMBHs candles to probe the cosmol-
ogy in three different schemes. The first is using these
SEAMBHs combined with different data sets such as the
Planck and JLA to constrain the cosmological parameters
in the Chevallier-Polarski-Linder (CPL) parametric dark
energy model. We want to demonstrate the roles of these
high redshift SEAMBHs in constraining the background
cosmological parameters and to show how many improve-
ments they can provide to the Planck + JLA combina-
tion. The second is using the high redshift SEAMBHs
as the complements of the low redshift JLA to constrain
the early expansion rate and to compare it with JLA.
Finally, we try to reconstruct the equation of state using
these SEAMBHs and JLA data sets.
The paper is organized as follows. In Sec. II we give
brief introductions of the SEAMBHs and their properties
as new cosmological standards. In Sec. III, the strategy
of the simulation of the SEAMBHs data sets will be out-
lined. Then, in Sec. IV to VI we will apply the mock
data sets of SEAMBHs to probing the cosmology in three
schemes and all of the results will be shown. Finally, the
conclusions and discussions will be given in Sec. VII.
II. SUPER-EDDINGTON ACCRETING
MASSIVE BLACK HOLES AS CANDLES
Giant gravitational energy is released by accretion
onto black holes (BHs) [24, 25] and powers luminous
active galactic nuclei and quasars [26]. It is well un-
derstood that the radiative luminosity from accretion
disks is linearly proportional to accretion rates, known
as the so-called standard accretion disks with rates of
M˙ . 3.0M˙Edd [25], and the disks keep Keplerian ro-
tation around the black hole, and the radial motion
can be neglected compared with the Keplerian veloc-
ity. Here M˙Edd = LEdd/c
2, where LEdd = 1.5 ×
1038 (M•/M)erg s−1 is the Eddington luminosity, c is
the speed of light and M• is the BH mass (see Figure 1
in [18]).
However, the radial motion of accretion flows becomes
very important when M˙ & 3.0M˙Edd [27] and the en-
ergy balance is globalized so that most of photons pro-
duced from the viscous dissipation are advocated into
black holes before they escape from the disk surface. This
is caused by a very large Thompson scattering depth in
vertical direction when M˙ & 3.0M˙Edd. This is the basic
idea of slim accretion disks [18]. The photon trapping
effect gives rise to the most prominent feature known
as the saturated luminosity, which is only linearly pro-
portional to the black hole mass and very insensitive to
accretion rates. The self-similar solution of extreme slim
disks shows
L• = `0(1 + a ln ˙M )LEdd , (1)
where `0 ≈ (2− 4) and a . 0.5, both of which depend on
the vertical structure of the slim disks [19, 20]. It was a
purely theoretical result of slim disks, but the long-term
reverberation mapping campaigns of SEAMBH project
lend unambiguous support to the saturated luminosity
[17, 22]. Though Eq. (1) shows a logarithmic depen-
dence on accretion rates, an observational test shows the
saturated luminosity is much weaker than the logarith-
mic [17, 22].
The scheme of determining cosmological distance has
been outlined by Wang et al. [15]. The distance is given
by
D• = 250.3 `1/2κ m
(1+β)/2
7 F
−1/2
11 Mpc , (2)
where `κ is the factor including the bolometric correc-
tion factor, inclination of accretion disks cos i ≈ 0.75,
and black hole spins, β ≈ 0.3 ∼ 0.4 is the expo-
nential index of the dependence of bolometric correc-
tion factor on BH mass, m7 = M•/107M and F11 =
F5100/10
−11 erg s−1 cm−2. The accuracy of the distance
measured by the black hole candles is mainly determined
by the accuracy of black hole mass since the factor `κ can
be calibrated by the local distance. According to Eq. (2),
we have
∆D•
D•
=
(
1 + β
2
)
∆M•
M•
. (3)
3The key of using SEAMBH as powerful indicator of cos-
mological distances depends on the accuracy of black hole
mass.
Currently, the black hole mass is estimated by the
virial relation of M• = fBLRG−1RBLRV 2FWHM, where
fBLR is the virial factor, G is gravitational constant,
RBLR is the reverberation radius of the the broad-line
regions and VFWHM is the full-width-half-maximum of
the Hβ profiles. Three approaches to estimation of black
hole mass reach different accuracies as briefly discussed
below. The accuracy can be estimated by
∆M•
M•
≈
√(
∆fBLR
fBLR
)2
+
(
∆RBLR
RBLR
)2
+ 2
(
∆VFWHM
VFWHM
)2
,
(4)
where ∆fBLR/fBLR ∼ 0.5, due to inclinations and ge-
ometries [28, 29]. The major uncertainties are from the
fact that we do not know if the observed RBLR regions
are the virialized component (i.e. if it corresponds to
VFWHM). Direct measurements using reverberation map-
ping of AGNs yield an accuracy of ∆M•/M• ∼ 1. Us-
ing empirical relation between RBLR and optical luminos-
ity [17, 22, 30, 31], we will have additional error bars from
the scatters of the relation as much as 0.2 dex [31], but
will be larger for SEAMBHs [17, 22]. It has been recently
suggested by Wang et al. [32] that the total profiles of Hβ
emission line can be physically separated to find the viri-
alized components. This can greatly reduce uncertainties
of ∆RBLR and ∆VFWHM and improve the accuracy of the
black hole mass. More accurately, a Markov Chain Monte
Carlo (MCMC) is employed to model the light curves and
profiles simultaneously [33–35] and reaches an accuracy
of 10% for some individuals.
On the other hand, fBLR can be well constrained by er-
ror bars of a few percent from the polarized spectra [36].
Precision estimation of BH mass remains open, but it can
reach 50% 1 or so as a conservative value on average for
a large sample, and better than 10% from the polarized
spectra of individual SEAMBHs. In this paper, we pre-
sume the error bar of 50% for the large amount of the
SEAMBH candles in the hight redshift region (z ∼ 1−6).
While we also consider a small amount (50 or 100) of
SEAMBHs candles at redshift z ∈ [1, 2] as the high pre-
cise measurements through direct reverberation mapping
campaigns, we employ them to establish better empirical
relations for black hole masses.
We would point out that, contrary to SNe Ia,
SEAMBH numbers increase with redshifts, in particu-
lar, they have a large fraction increasing with redshifts
from data of the Sloan Digital Sky Survey (see their Fig-
ure 4 in [37] by Kelly & Shen). It should be noted that
the Kelly & Shen’s estimations of SEAMBH numbers are
1 Considering the dusty torus, type I AGNs have inclinations of i ≤
45◦, otherwise they appear as type II. In fact the uncertainties
of inclinations are quiet small. The accuracy of 50% covers the
uncertainties of inclinations.
conservative since they use the canonical R − L relation
overestimating the black hole mass for SEAMBHs [16].
Future spectroscopic survey of Dark Energy Survey In-
strument [38] will find much more SEAMBHs than the
current SDSS. The presumed SEAMBH number cross
redshifts is actually feasible.
Large scale campaigns of reverberation mapping of
AGNs and quasars have been started from SDSS [39]
and obtained preliminary results [40]. The SDSS cam-
paigns employ a spectrography with 600 fibers so that
it is much more efficient than the traditional ones. It is
more exciting in the near future that Maunakea Spectro-
scopic Explorer (MSE 2) as a 10m telescope with 3000
fibers-fed spectrography will do reverberation mapping
campaigns of AGNs. This greatly increases the numbers
and mass accuracy of SEAMBHs, and hence the feasibil-
ity of SEAMBHs for cosmology.
III. THE SIMULATIONS OF THE SEAMBH
DISTANCE-REDSHIFT DATA SETS
From the properties of the SEAMBHs described in
Sec. II, we outline our strategies of simulating the
SEAMBHs distance-redshift data sets here. For a
Friedmann-Robertson-Walker (FRW) universe, the lumi-
nosity distance can be written as
dL =

(1+z)
H0
√
ΩK
sinh(
√
ΩK
∫ z
0
dz˜
E(z˜) ) ΩK > 0
(1+z)
H0
∫ z
0
dz˜
E(z˜) ΩK = 0
(1+z)
H0
√
|ΩK |
sin(
√|ΩK | ∫ z0 dz˜E(z˜) ) ΩK < 0 , (5)
where E(z) ≡ H(z)/H0 is the Hubble rate, and ΩK ≡
−K/(a0H0)2 is the cosmic curvature today. With the
dark energy equation of state w(z) = p(z)/ρ(z), the Hub-
ble parameter H(z) is given by Friedmann equation,
H(z)2 = H20
{
(1− Ωm − ΩK) exp
[
3
∫ z
0
1 + w(z˜)
1 + z˜
dz˜
]
+ Ωm(1 + z)
3 + ΩK(1 + z)
2
}
, (6)
where Ωm,K are the matter and curvature density pa-
rameters today. Combining Eqs. (5) and (6) and writing
D(z) = H0(1 + z)
−1dL(z) as the normalized comoving
distance, we find that the equation of state can be ex-
pressed as
w(z) =
[
2(1 + z)(1 + ΩKD
2)D′′ − (1 + z)2ΩKD′3
− 2(1 + z)ΩKDD′2 + 3(1 + ΩKD2)D′
]
/[
3{(1 + z)2[ΩK + (1 + z)Ωm]D′2
− (1 + ΩKD2)}D′
]
. (7)
2 http://mse.cfht.hawaii.edu/project/
4Given the high quality of the SNe Ia data such as JLA
in the low redshift region (from z ∼ 0 − 1) and the ad-
vantages of our SEAMBHs candles at high redshifts, we
mainly focus on forecasting the abilities and improve-
ments of the SEAMBHs candles to probe the cosmology
at redshifts lager than 1. From the estimation of the
practical observations in Sec. II, we simulate the distri-
butions of the SEAMBHs redshifts and their correspond-
ing uncertainties of distance measurements according to
different research object and numerical technique. We
divide the mock data sets generating procedure into two
parts:
Part I: These mock data sets are used in the first
scheme, that is adopting the Markov Chain Monte Carlo
and combining these mock data sets with Planck + JLA
to constrain the cosmological parameters.
• Case I: Redshift z ∼ (1, 2); Number ∼ 50 (or 100);
Precision ∼ 20%;
• Case II: Redshift z ∼ (1, 2); Number ∼ 5000 (or
10000); Precision ∼ 50%;
• Case III: Redshift z ∼ (2, 4); Number ∼ 5000 (or
10000); Precision ∼ 50%;
• Case IV: Redshift z ∼ (4, 6); Number ∼ 1000;
Precision ∼ 50%;
Part II: These mock data sets are used in the sec-
ond and third projects of this work. Since the number of
data points is limited by the numerical technique Gaus-
sian Process which is used in these two project, we re-
duce the number of the data points for the cases of mock
data. We also give a binned data sets which represent
the SEAMBHs’ most complete data sets based on cur-
rent estimation.
• Case I: Redshift z ∼ (1, 2); Number ∼ 50; Preci-
sion ∼ 20%;
• Case II: Redshift z ∼ (1, 2); Number ∼ 1000; Pre-
cision ∼ 50%;
• Case III: Redshift z ∼ (2, 4); Number ∼ 1000;
Precision ∼ 50%;
• Case all bin: The most complete data sets based
on current estimation. The redshift is from 1 to 6,
the total number of points is {z ∼ (1, 2) : 50} +
{z ∼ (1, 2) : 10000} + {z ∼ (2, 3) : 10000} + {z ∼
(3, 4) : 5000} + {z ∼ (4, 5) : 1000} + {z ∼ (5, 6) :
500}. The uncertainties are the same strategy as
before. However, we bin these data and improve
the uncertainties according to
√
N and then we use
the binned data instead.
Note that since we just simulate the future measure-
ments, as a rough estimation, the precision here covers all
uncertainties from the calibration and systematic errors
and so on. For the simulations of the data sets, we have
to choose a fiducial cosmological model. The exact val-
ues of the cosmological parameters will not be essential
in our simulations, because we are just interested in the
precision with which they can be measured. However,
for consistency with the current experiment data Planck
2015 [6], we choose the cosmological parameters of the
fiducial model as follows,
h0 = 0.678, Ωm = 0.308, ΩK = 0, w = −1 , (8)
here H0 = 100h0km s
−1Mpc−1. When we combine the
SEAMBHs mock data with only the JLA data sets in
constraining the Hubble rate and dark energy density
and also reconstructing the equation of state, we choose a
slightly different fiducial value of h0 = 0.7 and Ωm = 0.3
to be more compatible with JLA. Anyway, the slightly
different choices of the fiducial value will not influence
our results.
IV. PROJECT I: CONSTRAIN THE
COSMOLOGICAL PARAMETERS COMBINED
WITH PLANCK AND JLA
In this section, we use the high redshift mock data
sets of BH candles (hereafter we also refer to SEAMBH
candles briefly as BH candles) combined with low redshift
JLA data and the Planck data (Planck TT + lowP) to
see how much improvement these BH candles can provide
to the constraints of the cosmological parameters by the
SNIa standard candles and Planck.
Obtaining the four cases of the BH mock data sets
in the “Part I” mock data generating procedure, we use
them combined with the Planck and JLA to constrain the
cosmological parameters H0, Ωm, w and wa in the CPL
parametric dark energy model. With these high redshift
BH candles, we expect the tighter constraints of these
parameters especially the time-varying equation of state
wa. We adopt Markov chain Monte Carlo (MCMC) [41]
method to our analysis. Our parameter constraints are
based on the November 2016 version of CosmoMC [42].
Having the four cases of BH candles, we add them to the
base data sets Planck + JLA successively. In cases I, II,
and III, we also double the BH candles to see whether the
number of the BHs has much effect on the constraints of
the parameters. We plot all of these parameters’ poste-
rior distributions and the counterplots of each combina-
tion of two parameters. We also calculate the 68% C.L.
of each parameter and the figure of merit (FOM) for each
combination of two parameters to give a quantitative pre-
sentation. All of the results are shown in Figs. 1 to 4 and
Tables I and II.
From Figs. 1 to 4 we can draw some conclusions. First,
the BH candles can help to break the degeneracies of the
cosmological parameters constrained by Planck + JLA
as shown in right panel of Fig. 4. Thus the SMAMBHs
do have the abilities to improve the constraints of these
cosmological background parameters. Second, the large
number of BH candles in the redshift region from 1 to
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FIG. 1. The comparison of the constraints of the cosmological parameters from different data set combinations. The BH mock
data sets are the case I (left) and case I but with increasing the number of data points from 50 to 100 (right).
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FIG. 2. The comparison of the constraints of the cosmological parameters from different data set combinations. The BH mock
data sets are the case I + II (left) and case I + II but increasing the number of data points of case II from 5000 to 10000
(right).
2 with the 50% precision are most useful and can make
significant contributions to the tighter constraints of the
cosmological parameters (see Fig. 2), while the little ef-
fect of the higher redshift (z ∼ 2− 6) data sets is due to
the fact that dark energy is a small contribution to the
energy budget at higher redshift (see Fig. 3 and the left
panel of Fig. 4). Also, the small number of BH candles
with 20% precision make little contribution to the con-
straints due to the lack of the data points (see Fig. 1).
Finally, from the right panel in Fig. 4, we can see the de-
generacy direction of these cosmological parameters for
different data sets combinations. Usually, the combina-
tion of different data sets can help to break the degen-
eracy between the cosmological parameters (see the ex-
amples for CMB, SNe Ia, and BAO in references [3, 4]).
Figure 4 shows that BAO’s result has the same degen-
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FIG. 3. The comparison of the constraints of the cosmological parameters from different data sets combinations. The BH mock
data sets are the case I + II + III (left) and case I + II + III but increasing the number of data points of case III from 5000
to 10000 (right).
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FIG. 4. The comparison of the constraints of the cosmological parameters from different data sets combinations.
eracy direction as the BH candles. Thus both of these
two data sets can help to improve the Planck + JLA’s
constraints on the background cosmological parameters.
Since the case II of BH candles is the most useful, we
calculate the 1−σ errors and the FOM in the case I + II
and case I + II 10000, respectively. The results are shown
in Tables I and II, we also include the Planck + JLA for
comparison. We can see that when adding the 10000 BH
candles with 50% precision in redshift z ∼ 1− 2, the 1σ
limits of w, wa, H0 and Ωm are improved by about 40%,
60%, 30% and 20%, respectively. For the figure of merit,
we can see that the FOMs are almost doubled by these
10000 BH candles except for the H0−Ωm. These results
show that the high redshift BH candles are more helpful
for the constraints of the dynamics of dark energy than
H0 and Ωm.
7Param 68% limits
Planck+JLA Planck+JLA+BH Case I+II Planck+JLA+BH Case I+II 10000
w −0.82+0.18−0.16 −0.84+0.12−0.14 −1.02+0.10−0.12
wa −1.15± 0.85 −1.01+0.76−0.5 −0.06+0.54−0.30
H0 70.1± 2.0 68.9± 1.6 67.5± 1.4
Ωm 0.291
+0.017
−0.02 0.295± 0.014 0.316± 0.013
TABLE I. The 1− σ errors of each parameter for different data set combinations.
Param The FOM of the constraints
Planck+JLA Planck+JLA+BH Case I+II Planck+JLA+BH Case I+II 10000
w − wa 20.64 26.83 38.97
w −H0 3.26 4.83 6.75
w − Ωm 354.69 537.10 718.25
wa −H0 0.74 1.04 1.52
wa − Ωm 77.63 111.99 157.54
H0 − Ωm 118.28 161.13 166.94
TABLE II. The FOM of the constraints for different data set combinations.
V. PROJECT II: CONSTRAIN THE EARLY
EXPANSION RATE AND DARK ENERGY
DENSITY EVOLUTION
Though SEAMBHs candles in redshift z ∼ 2− 4 have
little improvement on constraining the CPL parametric
dark energy parameters, they allow us to constrain the
(dimensionless) Hubble parameter E(z) ≡ H(z)/H0 at
greater redshifts than previously possible. The Hubble
parameter or the expansion history of the Universe is a
very important issue in astronomy and cosmology. As
indicated in [12], the quantity H(z) is particularly useful
because it is both a direct probe of cosmology and still
closely tied to the data. As a dynamical quantity, H(z)
contains information about the expansion history with-
out reference to any physical cosmological model. Simi-
larly, if we consider the cold dark matter scheme, we can
write the evolution of dark energy ρDE(z)/ρ0 as a func-
tion of E(z) from Eq. 6, thus we can also constrain the
evolution of dark energy density as the Hubble parame-
ter.
In this section, we use the Gaussian process (GP) [43]
to smooth the BH candles data sets and reconstruct the
E(z) and ρDE(z)/ρ0. GP is very suitable to apply the
distance redshift data to the constraints or reconstruc-
tions of parameters in cosmology. Many such works can
be found in [43–46]. Also, we use the JLA as the low
redshift source, and add high redshift BH candles in the
“Part II” procedure as follows: 1) JLA + BH (case I);
2) JLA + BH (case I + II); 3) JLA + BH (case I + II +
III); 4) JLA + BH (case all bin). The results in these four
steps will indicate the high redshift BH candles’ contribu-
tions on the constraints of the early expansion rate and
the evolution of dark energy, which are shown in Fig. 5.
Note that here we presume a value of H0 since we just
want to show the BH candles’ abilities on constraining
the high redshift expansion rate and dark energy den-
sity, and we assume that the value of H0 can be well
measured by other observations such as the low redshift
SNe Ia.
From Fig. 5 we can see that the adding BH candles
can improve significantly the constraints of Hubble rate
in high redshift region. For a comparison, as [12] shows,
the uncertainty of E(z = 1.5) given by the new high red-
shift SNe Ia can reduce to ∼ 20%. While, in the case
of BH candles (case I + II + III), the uncertainty can
reduce to ∼ 3.9%, and even ∼ 1.8% in case all bin, which
are much tighter than [12]. We can also find that the
constraint of E(z) goes to divergence when the redshift
exceeds 1 in the JLA case. But when every case of BH
candles is added to the data sets, the redshift of well-
constrained E(z) will extend to the higher region (z ∼ 5
in the case all bin). Every step of adding the BH candles
can give tighter constraints on the expansion rate, which
indicates that the high redshift SEAMBHs are very pow-
erful for studying the expansion history of the Universe
and testing the ΛCDM model in the high redshift region.
Similarly, the reconstruction of the dark energy density
can be also improved much better than with the JLA
data. Since the dark energy density is one part of the
E(z) in Eq. 6, the reconstruction procedure should go
further and the quality of the reconstruction is worse than
that of E(z). The result is shown in Fig. 6. However, we
can see significant improvement when the SEAMBHs are
added to the data sets.
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FIG. 5. The comparisons of the reconstructions of E(z)/Efid from different data set’ combinations.
VI. PROJECT III: CONSTRAIN THE
EQUATION OF STATE w(z)
In this section, we try to go future again in Eq. (6) and
apply the BH candles to a harder issue, that is, we want
to reconstruct the equation of state w(z) at any given red-
shift. We assume the equation of state as a function of
z, and don’t parameterize it using such as the CPL form.
As indicated in Eq. (7), w(z) can be determined if the
distance redshift relations are given. Here we also assume
a flat Universe and the H0 is measured well and fixed.
Ωm is sampled from the posterior distribution given by
Planck 2015 [6]. We focus on whether the high redshift
BH candles can give a better reconstruction of w(z) in
higher redshift region. Thus we can measure any evolu-
tion of the dynamical dark energy in earlier Universe no
matter what the form of the equation of state is. Since
the reconstruction of w(z) is much harder than the Hub-
ble rate and dark energy density, the reconstruction is
expected to be worse than that of project II. The results
are shown in Fig. 7.
From Fig. 7, we can see that when all of the BH can-
dles are added (from z ∼ 1 to 6), the reconstruction of
w(z) can only extend to z ∼ 1.2 where w(z) is not diver-
gent. Though the full catalogue of BH candles do help
to improve the constraints of w(z) compared to the JLA
case, it is very hard to obtain a well-reconstructed equa-
tion of state at redshift larger than 1. As we can see in
Eq. (7), w(z) is related to the second derivative of the
distance, which makes it so hard to reconstruct and con-
strain the function of equation of state in high redshift
region. However, we can see the added BH candles can
also improve the reconstruction much better than JLA.
Although it is hard for us to use such BH candles to
reconstruct the equation of state in high redshift region,
the idea we can use the distance redshift data sets to give
directly the evolution of the dynamics of dark energy
is notable. If we can measure the distance (mass) of
SEAMBHs much more precisely in the future, a much
tighter constraint of the equation of state and thus a
deep studying of the dynamics of the dark energy at high
redshift can be expected.
VII. CONCLUSIONS AND DISCUSSIONS
In this work, we simulate the Super-Eddington accret-
ing massive black holes as the candles to probe the cos-
mology for the first time. The saturated luminosity of
SEAMBHs makes them similar to the standard candles
like SNe Ia to provide us a new tool for estimating cosmo-
logical distance. We simulate the measurements of dis-
tance redshift data sets of future SEAMBHs according to
the practical estimation of the SEAMBHs distributions
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FIG. 6. The comparisons of the reconstructions of ρDE(z)/ρ0 from different data set’ combinations.
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FIG. 7. The comparisons of the reconstructions of w(z) from different data set combinations.
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from z ∼ 1 to 6. We use these mock data sets to forecast
the abilities of future SEAMBHs candles to probe the
cosmology in three different schemes. First, We demon-
strate that the SEAMBHs candles can help to break the
degeneracies of the cosmological parameters constrained
by Planck and JLA. Thus the SMAMBHs do have the
abilities to improve the constraints of cosmological pa-
rameters. The large number of BH candles at the redshift
from 1 to 2 with the 50% precision is very useful and with
10000 BH candles the 1σ limits of w, wa, H0 and Ωm are
improved by about 40%, 60%, 30% and 20%, respectively.
The FOMs of these constraints are doubled except for the
H0 − Ωm which indicates these high redshift SEAMBHs
candles are more helpful to the constraints of equation
of state. Second, adding the SEAMBHs data to JLA,
we can significantly extend the well constraints of expan-
sion rate of the Universe and the evolution of dark energy
density to much higher redshift. This shows the powerful
potential of SEAMBHs candles on studying the expan-
sion history of the Universe and test of ΛCDM model at
high redshift. Finally, we also try to use these SEAMBHs
candles to reconstruct the equation of state. Our results
show that it is very hard to extend the redshift of well-
reconstructed w(z) to larger than 1. This is due to the
fact that the reconstruction of w(z) is determined by the
high order derivatives of the distance. Nevertheless, with
the more precise measurements of SEAMBHs’ distances
in the future, this reconstruction to detect any form of an
evolving equation of state of dark energy can be possible
in the high redshift region.
In summary, SEAMBHs can serve us as a new and in-
dependent source to probe the cosmology. For the large
number of sources in high redshift region even to z ∼ 7,
SEAMBHs can play very important roles in the study-
ing of dynamical dark energy, early expansion history of
Universe and tests of the cosmological model at high red-
shift.
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